and Materials for strength testing of ceramic substrates8), as well as an international standard for evaluating dental ceramics9). In ISO specification, the biaxial flexural test (piston-on-three-ball) and the 3-point bending test are likewise suggested.
A properly designed biaxial flexural test overcomes edge failure problems and thus assures a truer measure of strength10). It is important to note that failure stresses derived from various testing methods can be significantly different, and a direct comparison is not always valid6). Several reports have discussed the relationships between 3-point and 4-point bending tests11,13), between 3-point and biaxial flexural tests6, 26) , and between 4-point and biaxial flexural tests7,12). However, the relationships among the flexural strengths of dental ceramics using these tests are yet to be clearly confirmed.
An appropriate statistical approach to brittle materials is an essential prerequisite to a sound methodology.
In practice, the Weibull statistical approach is a common method used to study the variation in mechanical properties for ceramics6). The variation in strength, and consequently the homogeneity of a material, is evaluated by calculating the Weibull modulus, which is related to flaw size distribution.
However, information about Weibull analyses of dental ceramics is limited. Moreover, statistical characteristics obtained by Weibull analysis maybe able to predict a flexural strength, which is otherwise obtained using a different test method6, 7, 12) .
The objectives of the present study were to com- For castable ceramic specimens, they underwent an additional crystallization process. All specimens were ground and polished with Japan) and a #1000 diamond sheet (Maruto, Tokyo, Japan) mounted on a metallographic lapping machine (Dia-Lap ML-150P, Maruto, Tokyo, Japan) under water to definitive thickness dimensions of 1.2 20.0mm for the bars.
The surface of the specimen showed scratches in random directions when polished using this machine.
To minimize the occurrence of edge failures in bar specimens during flexural testing, edge chamfers of 0.15-mm width were prepared using the lapping machine with a diamond sheet. All specimens after polished were stored in a desiccator with silica gel for at least 24 hours prior to the flexural tests.
The thickness, diameter, and width of each specimen were measured using a micrometer (CPM15-25DM, Mitsutoyo, Tokyo, Japan) with 0.001 mm precision; mean values were recorded to the nearest 0.01mm.
The 3-point bending test
The 3-point bending test with a support span of 14.0 mm and a cross-head speed of 1.0mm/min was conducted in air at room temperature using a universal testing machine (1123, Instron, Canton, MA, USA) according to ISO6872: 19959 in which v is Poisson's ratio (the value assumed for the present study was 0.25), r1 is the radius of support circle, r2 is the radius of loaded area, r3 is the radius of specimen, and d is specimen thickness at fracture origin.
Ten disc-shaped specimens of each ceramic type were used for the biaxial flexural test.
Fracture statistical analysis The mean flexural strengths of each ceramics obtained from the different test methods were compared by Tukey HSD at 5% significance level. The relationships among the strengths obtained from the three test methods were evaluated using regression analysis.
The Weibull modulus (m) and the characteristic strength with a confidence interval of 95% of each ceramics were calculated using statistics software (JMP 4J, SAS, Cary, NC, USA). The difference between the two test methods, when subjected to Weibull analysis, was considered to be significant when the confidence intervals did not overlap. In their approach, they applied uniform stress under the plate. On the other hand, the stress under the piston of the present study was reportedly non-uniform and difficult to model10). This meant that the stress distribution under the piston in the present study might not be identical to their stress distribution.
However, the stress distribution assumed in the present study was as per their suggestion.
Barnett-Freudenthal approximation assumes that the principal stresses under multiaxial stress act independently and the survival probability is the integration of the principal stresses applied independently. Moreover, failure stress can be assumed to be controlled by surface or volume flaws.
However, the difference between the predicted strength based on surface flaws and that based on volume flaws was very small when the specimen size and test condition of the present study were used for calculation.
In particular, the predicted 4-point bending strength from 3-point bending test based on surface flaws and that based on volume flaws were identical.
Therefore, the following equations were used to predict the ratio of 4-point bending strength to 3-point bending strength, and biaxial flexural strengths from 3-point and 4-point bending tests based on surface flaws12): 
RESULTS
The mean flexural strength and Weibull modulus The relationships among the three flexural strengths and their coefficients of correlation (r2) are shown in Fig. 1 . The Weibull plots of all tested ceramics showed straight lines, which suggested that the measured strengths obeyed the two-parameter Weibull distribution. Fig. 2 shows the Weibull plots of biaxial flexural strengths.
The Weibull moduli in the present study ranged from 6.6 to 20. According to a theoretical calculation of equation (4), the predicted ratios of 4-point bending strength to 3-point bending strength were 0.828-0.878 when the Weibull moduli ranged from 10.3 to 19.1. The predicted biaxial flexural strengths based on 3-point and 4-point bending strengths are summarized in Table 4 . The measured biaxial flexural strengths, except EM and SP, were the range between the two predicted strengths. Predicted biaxial flexural strengths based on 3-point and 4-point bending tests of EM and SP were greater than the corresponding measured biaxial flexural strengths.
DISCUSSION
Several studies have reported on the measuring of dental ceramics' mechanical properties.
However, only a few reports compared the flexural strengths of dental ceramics using different test methods.
The 3-point bending strengths of porcelain for veneering in previous reports ranged from 55 to 66MPa15).
The biaxial flexural, 3-point, and 4-point bending strengths of EM were reportedly 265-407MPa16,17), 387MPa18), and 215-329.6MPa19,20) respectively. The 3-point bending strength of OP was reported to be 197.3MPa21); and the biaxial flexural and 3-point bending strengths of CC, 155.522) and 116MPa23), respectively. In the present study, the obtained biaxial flexural, 3-point, and 4-point bending strengths were similar to previously reported values.
Several studies have compared 3-point bending strength and 4-point bending strength in, for example, sintered alumina12), denture-base polymers11), and PMMA-based bone cement13). In these reports, the 3-point bending strengths were greater than the corresponding 4-point bending strengths, which coincided with the results of the present study.
The 3-point and 4-point bending strengths greatly depend on surface flaws of the tensile stressed surface because fractures initiate from surface defects.
The maximum tensile stress in 4-point bending test occurs within the loading span in the subsurface of the test specimen while the maximum tensile stress in 3-point bending test occurs under the loading piston. In the present study, the effective areas of 3-point and 4-point bending tests according to equations (7) and (8), were 2.8-5.1 and 34.0-34.8, respectively, when the Weibull moduli ranged from 10.3 to 19.1. Therefore, 3-point bending strength of each ceramics was greater than corresponding 4-point bending strength.
There are several biaxial flexural test methods, such as ring-on-ring, piston-on-ring, ball-on-ring, piston-on-ring, ring-on-ball, and ring-on-spring. that the orientation of long axes of crystals varied according to setup design of the wax pattern29). The crystal axes of the bar-shaped specimen are oriented along the long axis of the specimen; however, the crystal axes of the disc-shaped specimen are randomly oriented. Therefore, stress in the 3-point or 4-point bending test was applied perpendicular to the axis of the crystals, while stress in biaxial flexural test was applied at the center of the specimen to randomly oriented crystals.
Therefore, the 3-point bending strength of EM was greater than the corresponding biaxial flexural strength. The flexural strengths of dental ceramics are affected by the shape and size of specimens and the setup condition of the test.
The strengths of three test methods examined with four ceramics in the present study ranked as follows: 3-point bending strength > biaxial flexural strength > 4-point bending strength, while those of the other two ceramics ranked as follows: biaxial flexural strength > 3-point bending strength > 4-point bending strength. However, a theoretical ranking of the three test methods according to equations (4), (5), and (6) were biaxial flexural strength > 3-point bending strength > 4-point bending strength.
These discrepancies might be because of the aforementioned sintering condition of porcelains for veneering and the anisotropic characteristics of injectable ceramics. A high Weibull modulus value indicates a small scattering in test results. To compare flexural strengths, it is highly favorable to employ the small scattering test method.
The Weibull moduli of ceramics reportedly ranged from 5 to 157). The Weibull moduli obtained in the present study ranged from 8.4 to 17.1. There are some reports that compared the Weibull moduli from different test methods. The Weibull moduli from the biaxial flexural tests of composite27) and bone cement25) were greater than that from 3-point bending test. Meanwhile, the Weibull modulus of opaque porcelain from biaxial flexural test was greater than that from 4-point bending test.
However, the Weibull modulus of a body porcelain from 4-point bending test was greater than that from biaxial flexural test7). The Weibull moduli of all examined ceramics, except CC, showed insignificant differences regardless of test methods in the present study. These results suggested that it is difficult to determine which test method is suitable for dental ceramics based on the Weibull modulus. 
